Spectral Computed Tomography (spectral CT) is a newly emerging, medical imaging modality. It extends CT by acquiring multiple datasets over different x-ray energy bins. As the x-ray absorption of materials is energy dependent, the energy bins together provide significantly more information about the composition of the subject.
INTRODUCTION
Computed Tomography (CT) is a medical imaging technology that is fundamental to disciplines in both diagnostic and therapeutic medicine. CT scanners acquire x-ray based, radiographical images at various angles around a subject. Reconstruction algorithms then create a volumetric image of the subject [1] .
Conventional CT imaging, while providing information at a high resolution of up to 500um spatial resolution, produces images that cannot reliably distinguish differences in soft tissue and various contrast agents used in biomedical imaging.
The Medipix All Resolution System (MARS) project aims to advance CT into the realms of spectral CT. Spectral CT measures not only x-ray intensity (measured in photon counts) but also the energy associated with the detected photons. As the linear attenuation for materials is energy dependent, the potential for material decomposition algorithms is significantly improved.
A key task leading to the success of the MARS project is the image processing of the spectral CT data. In particular, material decomposition and reconstruction algorithms have the potential to exploit the nature of spectral CT data. This can improve image quality and reduce dose requirements.
The current reconstruction software adopted by the MARS team is called Octopus CT by InCT systems [2] . This is a commercial application based on the filtered back-projection algorithm [3] . To reconstruct data from the MARS scanner, every acquired energy bin is reconstructed independently. While successful, independent reconstruction ignores the spectral component of the data. To make matters worse, filtered back-projection does not cope well with low dose scans which is an important goal for the MARS team.
This paper describes the preliminary work completed before a spectral reconstruction algorithm may be developed for the MARS project. A reconstruction application called mART was created by implementing a Simultaneous Algebraic Reconstruction Technique [4] (SART). SART serves as a simple and flexible basis which will be extended into spec-tral reconstruction in the near future. The first milestone is to ensure that mART is a suitable replacement for Octopus CT.
This paper demonstrates that the first milestone has been achieved. Reconstructions produced by both OctopusCT and mART on single energy scans are analysed and compared. The results show that in its current form, mART produces images of higher quality, especially for low dose scans. Section 2 outlines the design of mART. Section 3 discusses the measures used to quantify image quality. Section 4 compares the results from OctopusCT and mART. Lastly, section 5 concludes with a discussion of ideas for spectral reconstruction.
A RECONSTRUCTION APPLICATION

Algebraic reconstruction
The theory behind reconstruction algorithms was first introduced by Johann Radon in 1917 [5] . Radon's work describes the mathematical procedure for recreating a subject image from many projection images by using the inverse Radon transform.
However, the inverse Radon transform can not be solved analytically in its basic state. A solution was found by Bates and Peters in 1971 [6] , by using Fourier transforms to simplify the problem. This method became known as filtered back-projection. After Godfrey Hounsfield [7] popularized the CT scanner in 1972, filtered back-projection quickly became the solution of choice due to its high computational efficiency.
Another common reconstruction approach is an algebraic solution. The basis for the algebraic approach is to map the reconstruction problem into the simplest of linear algebraic equations shown in equation (1) .
This mapping may be achieved via the Beer Lambert Law shown in equation (2) . This law links the measured photon counts C to the transmission µd along a single ray from the source to the detector element when the initial photon counts C0 is known.
Transmission has the property that it can be divided into a sum of smaller steps as illustrated in equation (3) . Upon inspection, equation (3) is of the same form as equation (1) where b becomes the measured transmission (µT dT ) calculated via the Beer Lambert Law, x becomes the linear attenuation elements (µi) that make up the volume, and A is the contribution of every volume element from x to a detector element in b along a ray (di).
A primary goal in CT is to minimize dose with fewer exposures. Therefore equation (1) is generally underdetermined and can not be solved analytically. However, iterative techniques are effective in finding a good solution. In particular, the Kaczmarz equation [8] shown in equation (4) is commonly used. While very effective, variations of this method arose to improve on the results.
The first of such variations was the Simultaneous Iterative Reconstruction Technique (SIRT) proposed by Gilbert in 1972 [9] . SIRT updates the voxel values, x k by combining the results from all detector elements in the scan that contribute to the voxel. This yields results of superior quality at the cost of significantly increasing the reconstruction time.
Another variation, similar to SIRT, is the Simultaneous Algebraic Reconstruction Technique (SART) proposed in 1984 by Anderson and Kak [4] . In this variation, the voxel updates are the combination of all detector elements from a single projection that contributes to a voxel. This provides a good balance between speed and quality.
A different approach is the Multiplicative Algebraic Reconstruction Technique (MART, not to be confused with the software mART) proposed by Gordon in 1970 [10] . Whereas most iterative algorithms adopt an additive solution, MART is a multiplicative solution with a few important consequences. Firstly, the MART algorithm converges faster due to its simpler structure. Secondly, zero-valued voxels can not converge. Lastly, MART tends to magnify noise while additive methods tend to average noise.
Recent developments in ART have shifted away from iterative solutions in favour of compressed sensing techniques [11] . Compressed sensing techniques apply known constraints to the system to reduce the amount of data required to reconstruct a signal. This has the potential to greatly reduce dose for images of equivalent quality. The only downsides are high complexity and low computational efficiency.
A basis for spectral reconstruction
The simplest approach to develop a new algorithm is to extend an existing algorithm. This requires that the basis algorithm be flexible enough to accomodate the changes required. The spectral CT datasets produced by the MARS scanner have a few important features. Firstly, each detector element produces multiple values representing the different energy bins. Secondly, each energy bin is acquired over the same field of view yielding identical spatial information. Thirdly, recent developments with the MARS scanner include new scanning modes such as circular and helical scans with start-stop or continuous motion.
Therefore, a basis algorithm which can be extended for the needs of the MARS scanner must be able to handle custom data structures, prior knowledge, constraints, and must be flexible in dealing with the scanner geometry.
From all the reconstruction algorithms mentioned in the previous section, SART offers the best balance between speed, simplicity, flexibility, and quality [4, 12] . Like all variants of the Kaczmarz equation, SART is simple. It divides the reconstruction into two basic steps where each step allows for customization.
The first step simulates the scan by forward projecting an estimate of the volume. The initial estimate is the perfect way to incorporate prior knowledge and speed up the reconstruction process.
The second step compares the simulation to the measured data to generate a correction factor. The correction factor is then projected back onto the volume to improve the estimate. How the correction factor is distributed over the volume directly affects both the quality and speed of convergence. It may be possible to improve this process with spectral knowledge as well.
Both the forward and back projection steps rely heavily on the matrix A from equation (1) . This matrix defines the contribution of each voxel in the volume to the detector element. The contribution is derived directly from the scanner geometry, meaning that SART can easily incorporate all the recent developments of the MARS scanner with minimal effort.
In summary, SART is a good basis for developing a spectral reconstruction algorithm. However, before research may begin, the implementation of SART must prove itself a superior alternative to Octopus CT, the current commercial reconstruction software used by the MARS team. This will help eliminate sources of errors when extending the algorithm for spectral CT.
mART's implementation of SART
The application mART was developed to serve as modular platform for spectral reconstruction. In its current form, it simply implements SART. However, many components of SART, such as the calculation of the matrix A, is implementation specific.
Matrix A is derived from the scanner geometry. This informs SART where the source and the detector element are positioned so that a ray may cast. In mART, the scanner geometry is modelled as a series of 3D translations and rotations such that no assumptions are made about the orientation and position of the detector. The transformations include magnification, detector and sample translations, skew angles associated with any translations, and the rotation of the gantry. Therefore, the reconstruction will function with any set of arbitrary positions (cicular, helical, etc) as long as the scanner knows its position with sub-pixel accuracy.
In its current form, mART reconstructs energy bins independently. However, the reconstruction of the broad spectrum is used as the initial estimate for other energy bins. This exploits the fact that the spatial data is identical between energy bins and allows the reconstruction process to be faster overall.
The implementation of a reconstruction algorithm is insufficient without a suitable pre-processing chain. Typical preprocessing chains will include flatfield normalization, masking of bad detector elements, stitching of detector frames into a projection image, and the correction of bad detector elements (inpainting).
The calculation of transmission values requires knowledge of the initial counts at the source side (C0 from the Beer Lambert Law). This is typically estimated by scanning air (flatfielding). The estimate works well as a flatfield and also contains data about the state of the beam and the chip. Therefore, flatfield normalization improves quality as well as forming part of the conversion into transmission data.
However, the flatfield can not account for dead or unstable detector elements, or for quantum noise. Therefore, bad detector elements must be identified. Since the MARS scanner relies on photon counting, the dominant noise follows a poisson distribution which can be used to eliminate pixels that vary beyond n standard deviations (n is user specified). In addition, scanning without an x-ray source (darkfielding) provides a map of pixels which are dead. Together, a reasonable mask can be created.
The primary difference in pre-processing between ART and filtered back-projection lies with the stitching and inpainting. Filtered back-projection techniques work in the fourier space which requires the full set of data from a single projection. In contrast, ART operates on individual detector elements. This means that for ART, neither stitching nor inpainting is required. Bad detector elements may simply be ignored.
Therefore, the pre-processing chain for mART translates raw data into transmission values and simply masks all bad detector elements. The pre-processing chain for OctopusCT requires the extra stitching and inpainting techniques to produce complete projection images.
To summarize, mART employs a minimalistic approach to pre-processing before reconstructing with SART. Both stitching and inpainting algorithms are eliminated which reduces processing time, and avoids the interpolation errors associated with both stitching and inpainting.
MEASURING IMAGE QUALITY
The first test for mART is to compare the output with that of Octopus CT, however, the way in which image quality can be assessed are numerous. This paper employs two main methods: the assessment of the graininess of an image and the sharpness of the edges within the image.
The graininess of an image, from hence forth referred to as noise, limits the contrast sensitivity of a CT image, and hence its ability to detect features within the image itself. The noise of an image is evaluated by measuring the relative standard deviation in CT numbers over a uniform region of interest, where the CT number is the normalised unit of attenuation in Hounsfield units (HU) and is independent of the scanner. CT numbers are defined such that the CT number for air and water are -1000 HU and 0 HU respectively. Larger noise values represent more variation in CT numbers across the region of interest, and hence more graininess.
The sharpness of the edges within an image can be related to the spatial resolution, and is a measure of the ability to resolve fine detail. Within CT imaging, the standard method adopted is to take the 10% MTF peak value from the measured modulation transfer function (MTF) [13] . An annulus mask is applied to an image, shown in Figure 1(a) , from which the MTF can be determined by direct analysis of the edge response function. The 10% MTF value, shown in Figure 1(b) , represents the number of line pairs distinguishable in a millimetre.
RESULTS AND DISCUSSION
This section compares reconstructions from mART and OctopusCT on both simulated and real data of standard phantoms for a single energy bin. All images presented in this section are normalised to standard CT numbers.
The Shepp-Logan phantom is a standard simulated phantom used in a variety of tomographic medical imaging applications. Synthetic Shepp-Logan phantom images were simulated by MATLAB using the 3D modified Shepp-Logan algorithm. As this phantom does not specifically contain any regions of water, to determine the attenuation value of water in reconstructed images, a uniform region of the interior was selected, whereas a region of the surrounding medium was selected to determine attenuation values for air. Figure 2 shows selected reconstructed slices of the SheppLogan phantom using Octopus CT and mART algorithm, when using 72, 180 and 360 x-ray projections in the reconstruction. When using 360 projections the resulting images are visibly similar, however, at 72 projections Octopus CT results in a rippled pattern in the images. Tables 1 and 2 shows the measured noise and spatial resolution values for mART and Octopus CT reconstructions respectively, where values were determined over 10 neighbouring slices in the 3D reconstructed volume. In both cases, increasing the number of projections used for reconstruction decreases the noise in the images, as illustrated in Figure 2 . While there is no statistical difference in the noise between mART and Octopus at 360 projections, at 72 projections the noise in mART images is approximately half of that in Octopus images, seen as the enhanced rippling seen in Figure  2 (a), indicating a higher deviation in attenuation across the slice reconstructed using Octopus. This has important clinical implications, as it may be possible to utilise a smaller number of projections, delivering a lower x-ray dose to the patient.
Regardless of the reconstruction method used, the spatial resolution is independent of the number of projections.
However, Octopus produces finer edge detail with 10% MTF values of ∼4.7 line pairs per mm, compared to ∼2.9 line pairs per mm for mART.
To assess the performance of the implemented SART algorithm on real data, scans of a cylindrical water phantom was used, where scans were taken using a Medipix 3.0 chip with a Si sensor layer. This scan was taken with a short exposure time to minimize dose and is expected to be grainy. Selected slices from the reconstructions are shown in Figure  3 , with the measured noise and spatial resolution indicated in Tables 3 and 4. For the mART reconstructed slices of the water phantom, the graininess of the images became less prominent, matching the decreasing noise values. However, the spatial resolution (10% MTF) decreased as the number of projections increased from 72 to 180 and 360 projections. This is reflected in the images determined from 360 projection having a blurrier edge than those of the 180 projections and 72 projections. This can be expected as smoothing can blur edge definition.
Looking at the Octopus reconstructed images using 72 projections (Figure 3(a) ), the image is extremely grainy, with a noise value of 427.52 ± 136.61HU. It was almost impossible to see any clear details of the image. But the graininess was reduced significantly as the number of projections was increased to 180 and 360, reflected in the measured noise values. However, the smoothness around the phantom edge in the images from 180 and 360 projections was similar to each other, with a 10%MTF value of ∼2.4 line pairs per mm.
In general mART will produce images that are less grainy than Octopus, but edges of features may not be as well defined. However, it is important to note that the number of iterations that mART performs effects the sharpness of the edges. The number of iterations performed in both tests were set such that the reconstructions roughly take 1-2 hours to complete. If higher quality is required, mART can perform more iterations. Still, mART's performance with few projections demonstrates that it can out perform OctopusCT under the conditions desired by the MARS project. Figure 4 shows reconstructed slices of an atheroma using both Octopus CT (left) and mART (right), scanned with a CdTe detector at 720 projections. The images shown are scaled to CT numbers. The atheroma sample is located toward the bottom left with a calcified feature indicated with the bright section (HU∼2500). The surrounding capillaries are of air, water and various concentrations of gold and calcium chloride. The Octopus reconstructed image appears to be more grainy than the mART reconstructed image, which is in agreement with values from the quality analysis of the Shepp-Logan and water phantoms above. However, even though the mART reconstructed image appeared smoother and less grainy, it had a more blurry edge compared to the Octopus reconstructed image. This agrees with the differing values of spatial resolution that we obtained earlier, showing that mART reconstructed images have lower spatial resolution than Octopus reconstructed images, albeit slightly. Figure 4 : Reconstructed slice of atheroma. Image on left is reconstructed using Octopus CT, whereas image on right is reconstructed using mART. Both images are scaled to HU units.
CONCLUSIONS AND FUTURE WORK
The results shown in the previous sections demonstrate that the current application mART produces images of superior quality to Octopus CT for a smaller number of projections. This means that the first milestone for mART is complete. The SART algorithm implemented within mART is a flexible algorithm which will allow for extension into spectral reconstruction.
The primary idea for the future extension into spectral reconstruction is to combine reconstruction and material decomposition. Both reconstruction and material decomposition share the same basic linear expression from equation (1) . By combining them, the idea is to produce datasets in terms of material density instead of linear attenuation.
There are many advantages of a fused reconstruction and material decomposition algorithm. In particular, material data will be significantly sparser in nature. This is especially good for compressed sensing techniques which should vastly improve image quality and hence, lower dose further. Other advantages include the fact that issues such as beam hardening no longer apply. In fact, beam hardening is a valid part of the signal, and should contribute as such. Lastly, material data is a more useful measure for visualization.
The potential of spectral CT is vast, and still mostly unexplored. It is our hope that this initial work will contribute greatly to future CT technology.
